related to outcome of the MAT and Barbeau tests, as well as to clinical outcome regarding upper-extremity function at longterm follow-up.
Methods

Study Design and Patient Population
Between May 2014 and September 2015, 1195 patients were admitted at the day care unit for elective coronary angiography or percutaneous coronary intervention at the VU University Medical Center, as represented in the enrollment flowchart ( Figure 1 ). Patients were eligible for study participation when the following exclusion criteria were absent: (1) inability or not willing to give informed consent, (2) ST-segment-elevation myocardial infarction or hemodynamic instability, (3) severe kidney failure with an estimated glomerular filtration rate of <30 mL/min per 1.73 m 2 , and (4) expected femoral access (ie, percutaneous coronary intervention for chronic total occlusion). Informed consent was obtained before the coronary procedure. Study-related measurements (including MAT and Barbeau) were unknown to the treating physician. The study protocol was approved by the local ethics committee.
Aims
The primary objective was to determine the rate of palmar arch incompleteness in patients undergoing transradial angiography and to compare this with the test results of the MAT and Barbeau. The effect of palmar arch incompleteness on digital vascular supply and upper-extremity function at long clinical follow-up were considered as secondary objective.
Noninvasive Patency Tests
Modified Allen Test
The MAT was performed at the day care unit, before radial access. First, simultaneous manual compression of both the radial and ulnar artery (UA) was performed followed by clenching of the hand. Then the patient was asked to open the hand, without hyperextending of the wrist and fingers. The time to reach maximal palmar blush was recorded after pressure release of the UA, while maintaining compression on the RA. Patients were categorized according to the MAT result: normal (0-5 seconds), intermediate (6-10 seconds), or abnormal (>10 seconds). 8 
Barbeau Test
The Barbeau test was performed with plethymography. A pulse oximetry sensor was clamped to the thumb, and tracings were monitored in rest and during compression of the RA (Barbeau test) 6 or compression of the UA (reverse Barbeau test). 9 Based on these tracings, patients were categorized into 4 groups (A-D). In summary, type A, no damping of pulse tracing immediately after compression; type B, damping of pulse tracing; type C, loss of pulse tracing followed by recovery of pulse tracing within 2 minutes; and type D, loss of pulse tracing without recovery within 2 minutes. The Barbeau test was performed before radial access and the reverse Barbeau before discharge to determine the occurrence of RA occlusion.
Radial Access and Angiography of the Hand Vasculature
Radial access was standardly performed with a double wall puncture technique and placement of a 6F 10-cm-long sheath (Terumo). The site of radial access was left to the discretion of the operator. A cocktail of 0.2-mg nitroglycerine and 5-mg verapamil was given intra-arterially followed by 5000 IU bolus of unfractionated heparin. The amount of unfractionated heparin was adapted to the patient's body weight when percutaneous coronary intervention was performed. The introducer sheath was removed at the end of the coronary procedure, and a transradial band (Terumo) was applied per manufacturer's instructions.
Angiography of the forearm and hand vasculature was performed by manual contrast injection via the radial introducer sheath according to a standardized protocol. Image acquisition was acquired with a Philips Allura Xper FD10 X-ray system and was set at 30 frames per second with a ×25 magnification. The detector was first positioned to visualize the introducer sheath and the lower arm vasculature. The RA was visualized by retrograde contrast injection (Figure 2A) . Then, the contrast antegradely filled the UA and the palmar arch circulation, which was also visualized ( Figure 2B and 2C). Image acquisition was stopped until the contrast reached the artery of the thumb ( Figure 2D ; Movie I in the Data Supplement).
Angiographic Analyses
The angiograms were reviewed according to a standardized protocol by 2 researchers who were blinded to the clinical data. Angiograms were checked on the presence of palmar arch completeness and anastomotic connections that contributed to digital perfusion of the hand (ie, median artery and arterial collaterals). With a frame counter, flow velocity was obtained by calculating the number of frames the contrast needed to reach certain predefined anatomic landmarks (Figure 2A through 2D): (1) RA (at the level of the radial sheath insertion), (2) UA (at the virtual orthogonal axis of the radial sheath insertion), and (3) artery of the thumb. Vascular dimensions of the palmar arches and main supplying vessels (trajectory of the RA and UA proximal to the predefined anatomic landmark) were obtained with quantitative coronary angiography, using the edge detection method of Philips Xcelera 3.2 (Philips Medical Systems, Eindhoven, the Netherlands). Angiographic and clinical data were prospectively collected and stored in a dedicated electronic database.
Definition of Palmar Arch Completeness
Completeness of the palmar arches was based on a previous anatomic publication that determined the safety of RA harvest. 10 The SPA was defined as complete when it directly supplied all digits, including the ulnar side of the thumb. The DPA was defined as complete when the distal part of the deep palmar branch of the RA was connected with the deep palmar branch of the UA 10 . Figure 3 schematically displays how we categorized the potential variants of the palmar arches with respect to completeness.
Upper-Extremity Function and Cold Intolerance
The QuickDASH questionnaire was used to assess upper-extremity function at baseline and follow-up. 11 A higher score indicates more upper-extremity dysfunction. A minimal clinically
WHAT IS KNOWN
• The application of noninvasive tests to assess the patency of the palmar arches has been advocated before transradial catheterization to prevent ischemic complications of radial artery occlusion.
• Some centers do not apply these tests as a standard preprocedural evaluation given the inability to predict ischemia of the hand.
WHAT THE STUDY ADDS
• This study provides a comparison of angiographic vascular anatomy of the hand during transradial access and functional testing.
• The study informs about the inability of noninvasive patency tests to predict acute ischemic complications.
• Upper-extremity dysfunction after transradial catheterization is not related to palmar arch incompleteness.
important difference of 14 was used to determine the change in clinical status of upper-extremity functioning. 12 The validated Cold Intolerance Symptom Severity (CISS) questionnaire was applied at baseline and follow-up to detect cold intolerance. 13 Cold intolerance is defined as abnormal pain of the hand and fingers after exposure to cold that leads to significant functional impairment, 14 which commonly occurs after a variety of upper-extremity injuries. 15 Pathological cold intolerance is defined as CISS ≥30.
16
An example of the QuickDASH and CISS questionnaire has been published previously.
17
Statistical Analysis
Continuous variables are presented as mean±SD in case of a normal distribution and median plus interquartile range otherwise. Categorical variables are expressed as percentages. Categorical variables were compared between groups using the χ 2 test. The Fisher exact test was used for categorical variables when the total number of observed counts was <10. Means of continuous variables were compared between groups using independent sample t test when data were normally distributed and Mann-Whitney U test when this was not the case. Odds ratios (ORs) were calculated from a logistic model. Sensitivity of the MAT and Barbeau tests for incompleteness of the SPA was calculated with angiographic assessment of palmar arch completeness as the gold standard. Sensitivity and specificity of both tests was represented graphically for different cutoffs in a receiver operating characteristic curve, and the areas under the curve were reported as a measure of discriminative ability. All statistical tests were 2 tailed, and a P value of <0.05 was considered statistically significant. All statistical analyses were performed with SPSS for Windows, version 22.0 (SPSS, Inc, Chicago, IL).
Results
Study Population
Between May 2014 and October 2015, 261 patients were screened for study participation, and 934 patients were not assessed for eligibility because of logistics ( Figure 1 ). Patients were mainly excluded from study participation because of anticipated femoral access (n=18). Two patients declined to participate. The study population consisted of 234 patients with a mean age of 63 years. Clinical and procedural characteristics are presented in Table 1 . Radial access was achieved in all patients. The MAT and Barbeau tests were performed in all study participants and the test results are specified in Table 2 . 
Angiography of the Vascular Hand Supply
Angiography of the vascular hand supply was performed in all study participants without complications and analyzable in 215 patients (92%). Exclusion from analysis was caused by suboptimal contrast filling (n=9) or incomplete angiographic visualization of the SPA (n=10). Exclusion from analysis was similar in each MAT group (abnormal, 9%; intermediate, 8%; abnormal, 6%; P=0.78). The angiographic characteristics of the vascular hand supply are presented in Table 3 . Incompleteness of the SPA was present in 46%, and incompleteness of the DPA was not observed in our population. Angiographic examples of a complete and incomplete SPA are exhibited in Figures I and II in the Data Supplement. Next to the palmar arches, vascular supply of the hand was supported by alternative arterial connections. Interosseous collateral arteries connecting distal to the occluded RA were observed in 54% and a persistent median artery in 6% of patients. Anastomoses between the SPA and DPA were visualized in 49%, and the SPA connected to the RA in 36% of patients via the superficial palmar branch of the RA. A patient example with recruitment of interosseous collateral arteries is exhibited in Figure III in the Data Supplement.
The mean diameters of the palmar arches and main supplying vessels were SPA, 1.78 (±0.4); DPA, 1.29 (±0.3); UA, 2.35 (±0.5), and RA, 2.57 mm (±0.4). The UA was larger than the RA in 30% of patients. In Table 4 , the vascular dimensions were stratified for palmar arch completeness and showed a larger UA and SPA in patients with completeness of the SPA (P=0.002 and P<0.001, respectively). In contrast, the RA was larger in case of incompleteness of the SPA (P=0.017) with more recruitment of interosseous collaterals (65% versus 44%; P=0.002). The mean DPA diameter was also larger in patients with SPA incompleteness, albeit nonsignificant (P=0.17). However, the minimum DPA diameter was significantly larger in patients with incompleteness of the SPA (0.26 versus 0.23 mm; P=0.022).
In the overall patient population, blood supply to all digits was maintained during occlusive radial access. Patients with incompleteness of the SPA showed a trend for delayed perfusion of the thumb along the collateral pathway (UA-digit 1; P=0.08). The time for contrast to travel between the RA and UA was similar in patients with and without completeness of both palmar arches (P=0.22), as represented in Table 4 .
Correlation Between Angiographic and Noninvasive Assessment of the Palmar Arches
The distribution of SPA incompleteness within the MAT and Barbeau tests is represented in Figure 4A . The proportion of SPA incompleteness was highest in patients with an abnormal preprocedural MAT and was subsequently smaller in patients with an intermediate and normal MAT (P trend=0.001).
Patients with an abnormal MAT result have a 3× higher probability for SPA incompleteness (OR, 3.1; 95% confidence interval, 1.6-6.0; P=0.001), and patients with a normal MAT have a 2× higher probability for SPA completeness (OR, 2.2; 95% confidence interval, 1.3-3.7; P=0.006). Similarly, the highest proportion of SPA incompleteness was observed in patients with a type D Barbeau and subsequently smaller in patients with a type C, B, and A test result (P trend=0.001). Patients The receiver operating characteristic curves of the MAT and Barbeau tests with the areas under the curve are represented in Figure 4B . When considering maximal palmar blushing after >10 seconds as a positive test for palmar arch incompleteness, 66 patients had a false-negative MAT result and 16 patients, a false-positive MAT result, resulting in a sensitivity of 33%, specificity of 86%, and diagnostic accuracy of 62%. If we applied >5 seconds as cutoff value, the MAT had a sensitivity of 59%, specificity of 60%, and diagnostic accuracy of 60%. For the Barbeau test, the sensitivity was 7%, specificity was 98%, and diagnostic accuracy was 57% if we considered a type D as a positive test result for palmar arch incompleteness. If we regarded a type C+D Barbeau as a positive test result, this would give a sensitivity of 21%, specificity of 93%, and diagnostic accuracy of 60%. 
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The QuickDASH and CISS questionnaires were obtained in all patients at baseline and in 83% of patients at long-term follow-up (median, 24 months; interquartile range, 20-29).
The reasons for absent follow-up were (1) loss to follow-up, n=26; (2) death, n=7; (3) refused further participation, n=5; and (4) cognitive dysfunction, n=1. At long-term follow-up, QuickDASH scores >0 were equally present in patients with and without SPA incompleteness (31% and 25%; P=0.35). The proportion of patients in which QuickDASH increased between baseline and followup did not differ between patients with a complete and incomplete SPA (15% versus 14%, respectively; P=0.81). When we applied a minimal clinically important difference of 14 for the QuickDASH score, no association was found with SPA incompleteness ( Figure 5 ). The CISS score increased in 14% of patients with complete palmar arches as compared with 16% of patients with SPA incompleteness (P=0.69). The number of patients who developed pathological cold intolerance at long-term follow-up was also not statistically different between both groups ( Figure 5) . A reverse Barbeau type D was present in 4.9% of patients at discharge (representing RA occlusion). In this subset of patients, incompleteness of the SPA was present in 75% and digital supply was supported by interosseous collateral arteries in 63%, inter palmar arch connections in 63% and SPA-RA connection in 13%. Clinical relevant loss of upper-extremity function and the occurrence of pathological cold intolerance were not reported in this subgroup of patients at long-term follow-up.
Discussion
This is the first study evaluating the anatomy of the palmar arch circulation with angiography in patients undergoing transradial cardiac catheterization and its relation with commonly used noninvasive patency tests. The most important findings of our study are (1) digital vascular supply is always preserved during occlusive radial access, irrespective of the anatomic variations and results of noninvasive patency tests; (2) the MAT and Barbeau tests have a low diagnostic accuracy for palmar arch incompleteness, mainly because of the poor sensitivity; and (3) long-term functional outcome of the upper extremity after transradial access is not related to the palmar vascular anatomy.
Most knowledge about the vascular anatomy of the hand comes from postmortem studies. 7 Blood is supplied to the hand by a dense anastomotic network of arches with highly variable patterns, developed during the embryological phase. The most important connections are the SPA and DPA because of their major role with respect to digital blood supply. The DPA is formed by the terminal part of the RA, and the SPA is a continuum of the UA. With different visualization techniques (ie, gross dissection 18 and latex injection 19 ) and anatomic classifications, highly variable completeness rates were reported for both palmar arches.
7 DPA completeness was present in our complete cohort, and completeness of the SPA was present in 54%, which falls into the range of previously reported anatomic data (DPA, 67%-100% and SPA, 43%-97%). 7 Palmar arch completeness was classified according to a previously described method that determined the safety of radial harvest. 10 We applied this particular classification method because it was designed to identify those patients at risk for digital ischemia when the RA becomes compromised, such as the presence of an incomplete SPA and DPA in the same hand. Combined incompleteness of the palmar arches has never been reported in the literature to our knowledge, 10 which is in accordance with our study results. This is of major clinical importance because patients with this anatomic variant are potentially at the largest risk of developing ischemic complications in case of RA occlusion. And even though the SPA did not facilitate the arterial supply of the thumb in approximately half of our patients, perfusion of the thumb was still covered by the DPA during radial access. In contrast to our study, few cases with DPA incompleteness have been reported in postmortem studies. 7 However, in this subset of patients, we do not expect an increased risk for digital ischemia or long-term complications because digital blood supply is maintained by a dominant SPA, as represented in Figure 3 . In a large number of patients, digital blood supply was further supported by anastomotic connections between the palmar arches, a superficial palmar branch of the RA, and a persistent median artery. Normally the median artery ceases to exist during the embryological phase in ≈90% of patients. Although when the median artery persists, it connects with the SPA circulation in ≈5% of patients, which is in accordance with our study results. 20 In contrast to postmortem studies, we were able to visualize collaterals with angiography that were probably recruited at the time of functional occlusion of the RA. Recruitment of collateral arteries to augment digital blood supply was more frequently observed in patients with SPA incompleteness as a natural compensatory mechanism.
In clinical practice, the presence of palmar arch incompleteness is considered a major contraindication for radial harvest. 21 Noninvasive tests to assess palmar arch completeness have, therefore, been strongly recommended to prevent ischemic complications of the hand. The implementation of these tests has also been advocated before transradial procedures 4 because RA occlusion is the most frequently reported complication (≤30%) 2 and might lead to ischemic events. 3 The MAT is the most applied test, although prone to subjectivity and without a clear consensus on the optimum cutoff point. 22 Plethysmography with the application of the Barbeau test has been considered as a more sensitive tool with the ability to evaluate collateral recruitment. 6 However, the application of both tests has not resulted in preventing acute ischemia of the hand, 23 as it has been reported in patients with and without abnormal preprocedural patency test results. Also when patients were subjected to transradial cardiac catheterization, capillary thumb lactate levels did not differ across the whole spectrum of MAT results. 8 We here show that the MAT did not perform satisfactory to detect palmar arch incompleteness. Although the sensitivity increased from 33% to 59% when we applied a cutoff value of >5 seconds (instead of >10 seconds), the specificity dropped from 86% to 60%, resulting in a similar poor diagnostic accuracy. The Barbeau test also performed poorly to assess palmar arch incompleteness. Probably, preprocedural testing with the MAT and Barbeau should be abandoned to prevent acute ischemic events of the hand. Both tests will only lead to false exclusion from transradial procedures and sub sequentially to more access-related bleeding complications when femoral access is used as an alternative. In this respect, it should be mentioned that acute ischemia of the hand is an extremely rare complication. 3 Arterial wall trauma with thromboembolic phenomena to the digital arteries or palmar arch circulation is probably the main underlying mechanism of acute hand ischemia after transradial access. 3, 24, 25 Therefore, optimal anticoagulant therapy and meticulous access techniques remain paramount to prevent ischemic complications.
Nonetheless, upper-extremity complaints have been reported in ≤50% of patients after RA occlusion, 2 and ischemia has been described after radial harvest when subjected to manual stress. 26 It is reasonable to think that patients with palmar arch incompleteness and a poor compensatory collateral network may develop symptoms and dysfunction of the hand. In patients with SPA incompleteness, we observed delayed perfusion of the thumb, albeit nonsignificant. The thumb is considered as the most important digit with respect to hand function, and inadequate perfusion may be more pronounced during exercise, which might lead to disabling ischemic symptoms. It was previously shown that hand function was deprived 1 month after radial access when patients had a lower Nexfin-derived collateral flow index of the thumb. 27 However, we observed that pathological cold intolerance and a clinical relevant reduction of upper-extremity function were similarly reported in patients with and without palmar arch incompleteness at long-term follow-up. In addition, in patients with radial artery occlusion at discharge, palmar arch incompleteness was also not related with a loss of upper-extremity function at long-term follow-up. This suggests that anatomic and physiological changes after radial access might lead to a transient upper-extremity dysfunction in patients with a less-developed collateral system. Our findings are similar with those after RA harvest, reporting no clinical relevant reduction of blood flow and function of the forearm 3 months post-surgery. 28 Furthermore, tissue oxygen saturation and tissue capillary blood flow remained unchanged 2 days after RA harvest, whereas both parameters were deprived during RA compression before surgery. 29 This Assessment of the Vascular Hand Supply suggests that compensatory mechanisms of the collateral vascular network act rather quickly to maintain digital perfusion when the RA becomes compromised. However, future studies are needed to assess the functional consequences of radial artery occlusion when patients are subjected to manual stress.
In conclusion, the palmar arches preserve digital blood supply in all patients during radial access. Although incompleteness of the SPA is common, incompleteness of the DPA was nonexisting in our patient cohort. The presence of SPA incompleteness is not related with upper-extremity dysfunction after transradial access at long-term follow-up. The MAT and Barbeau tests have a poor ability to detect SPA incompleteness.
Limitations
We were not able to include all consecutive patients because of competing studies and logistics. However, patient characteristics 11 and noninvasive test results 30 of our study population suggest adequate external validity, which is supported by similar characteristics in the complete consecutive patient cohort (Table I in the Data Supplement). Although we were not able to visualize the palmar vasculature in all patients, we think that this did not influence our study results because of the similar distribution within each MAT group. Because this is a single center study from Europe with a finite number of patients, our anatomic and functional data should be confirmed by other study groups, including larger number of patients and patients from different ethnic backgrounds. Next to well-validated, self-reported outcome measures that evaluate the global functional capacity of the hand and the impact on daily life (ie, QuickDASH), the addition of more objective measures that address specific components of hand function (ie, hand grip test for strength) is encouraged to confirm our data. The application of manual contrast injection might have affected our study results regarding the flow characteristics. However, flow along the collateral trajectory is mainly driven by systemic blood pressure and microcirculatory resistance. Based on this report, you might also question the diagnostic accuracy of the reverse Barbeau test for the detection of RA occlusion (without ultrasound confirmation). A type D reverse Barbeau might also be present in patients with a small nonoccluded RA and dominant UA-SPA system, supplying the first digit. In addition, assessment of RA occlusion only at discharge is a limitation to our study with regard to upperextremity dysfunction at long-term follow-up. Spontaneous recanalization occurs in 50% to 60% of patients within 1 to 6 months, and sometimes, RA occlusion may occur after discharge.
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